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Abstract: The aim of this study was to investigate the effect of either sheep or cow milk 
supplementation to a low calcium and phosphorus diet on growth and organ mineral distribution 
in weanling rats. Rats were fed diets consisting of either a control chow, a 50% reduced calcium and 
phosphorous chow (low Ca/P), low Ca/P and sheep milk, or low Ca/P and cow milk diet for 28 days. 
Food intake of the rats, the growth rate of the rats, and the concentrations of minerals in the soft 
organs and serum were determined. Rats fed the low Ca/P diet alone had lower weight gain than 
rats consuming either of the milk-supplemented diets (p < 0.05). Both sheep milk and cow milk 
supplementation overcame the effects of consuming a diet restricted in calcium and phosphorus but 
the sheep milk was effective at a significantly lower level of milk intake (p < 0.05). Significant 
differences (p < 0.05) in essential and trace mineral concentrations due to milk type were observed 
in the kidney, spleen, and liver. For non-essential minerals, significant differences (p < 0.05), related 
to diet, were observed in all organs for arsenic, cesium, rubidium, and strontium concentrations. 
Keywords: milk; macro-minerals; trace-minerals; ICP-MS; sheep milk; Cow milk; Calcium; 
Phosphorous; Soft organs 
 
1. Introduction 
Mineral deficiencies during youth and adolescence (up to the age of 25) impact the proper 
development of various anatomical systems (bones, soft organs etc.) [1,2]. In addition, chronic low-
level mineral deficiencies result in short term symptoms (lethargy, nausea, and weakness) [3,4]. As 
identified by Gharibzahedi, and Jafari [5], the most commonly reported effects result from a lack of 
adequate iron (Fe), zinc (Zn), iodine (I), and selenium (Se). The diagnosis of deficiency is often related 
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to short term symptoms and ease of testing, which may not reflect the true rate in the population [5]. 
For example, Fe deficiency has been identified at rates of up to 40% in preschool children, but 
methods for Fe deficiency testing vary, ranging from the visual hemoglobin color scale to the 
cyanmethemoglobin analytical colorimetric method [2]. With respect to calcium (Ca), the occurrence 
of clinical deficiency is extremely rare apart from in extreme dietary circumstances [6]. The long-term 
impact of low level Ca deficiency during critical growth phases has an impact on growth rates, 
especially in the context of skeletal development, often leading to a restriction in bone growth [6]. 
The potential for mineral(s) deficiency leading to health complications in an individual can be 
related to a range of factors, including age, illness, allergy, genetic predisposition, and diet [7]. 
Although it is often possible (and sometimes necessary in acute cases) for diet supplements to be used 
in the short to medium term, long-term diet supplementation is often seen as an ineffective treatment 
method. This is because mineral and/or nutritional dietary supplements are expensive, inefficient, 
can cause secondary health effects, and have the risk of over-supplementation [8]. In comparison to 
long term diet supplementation, the use of diet augmentation of food products is recommended [9]. 
Mineral deficiency is affected not only by total mineral intake but also mineral absorption rates 
[5]. Milk has been shown to have some positive effects on mineral absorption, independent of the 
high mineral concentration present [6]. However, effects are likely to be different between milk from 
different species due to differences in composition [10]. Specifically, cow milk (CM), buffalo milk, 
and goat milk may have beneficial effects on Ca absorption [11]. Ca and phosphorus (P) are 
physiologically critical minerals, which are specifically required for growth and energy production 
[6]. It is well established that dairy products generally play a key role in providing dietary Ca and P, 
typically through the consumption of CM, or CM derived products. 
The trace and non-essential mineral profiles of sheep milk (SM) have had limited investigation 
[12]. The concentration of selected toxic minerals of SM has been studied by Yabrir et al. [13] and 
Ivanova et al. [14]. These studies identified that the concentration of these minerals is highly 
dependent on the location of milk production (i.e., environmental factors) and specific farming 
practices [15]. We have previously provided some insight into the effects of New Zealand SM 
consumption in addition to a diet containing a balanced mineral profile [16,17]. Despite SM having a 
higher mineral concentration and macronutrients (protein and fat content) compared to CM, its 
consumption did not have any effect on the development of rats fed a balanced diet [16,17]. The livers 
of rats that consumed SM had a lower Fe content compared to CM fed animals. Higher concentrations 
of rubidium (Rb) and cesium (Cs) were present in the brain, kidney, liver, spleen, and serum of the 
rats fed SM compared to those fed CM [16]. However, the absorption of all types of minerals (macro, 
trace, and non-essential minerals) occurs at different rates during dietary deficiency, dietary 
adequacy, and dietary excess [18]. Therefore, this previous work gives insight into the effects of SM 
minerals in the context of a balanced diet with excess nutrients/minerals supplied by the milk. 
Previous studies have established the usefulness of using rat models fed Ca restricted diets to 
investigate mineral metabolism and bone structure [19,20]. Rader, et al. [20] used weanling male rats 
to investigate the effects of a diet restricted in Ca (98% reduction) and in P (93%) on a range of serum 
biomarkers and reported that parathyroid hormone concentration was increased and vitamin D3 
concentration was decreased during an 8-week feeding trial (p < 0.05). 
There are no reports in the literature on the effect of SM consumption with a mineral-deficient 
diet. Therefore, this study was designed to investigate the effect of consumption of SM or CM to a 
diet low in Ca and P on the macro, trace, and non-essential mineral distribution in the organs of 
weanling rats. 
2. Materials and Methods 
The experiment design and the number of animals used in the feeding trial were determined by 
a biometrician, to maximize statistical power and minimize the number of animals required. An 
unbalanced experimental design was chosen after consideration of previous work [16,17]. The 
AgResearch Grasslands Animal Ethics Committee (Palmerston North, New Zealand) independently 
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reviewed and approved all animal experiments covered in this work (application number 14440) as 
a requirement under the New Zealand Animal Welfare Act [21]. 
2.1. Animals 
Newly weaned (three to four week old) male Sprague Dawley rats were sourced from the Hercus 
Taieri Resource Unit (University of Otago, Dunedin, New Zealand). Upon arrival at the AgResearch 
small animal facility (Palmerston North, New Zealand), the rats were weighed, individually housed, 
fed a standard rodent chow diet (AIN-93M diet (Research Diets, New Brunswick, New Jersey, USA)), 
and had access to drinking water ad libitum. After 24 h, the rats were weighed again and randomly 
allocated to one of four groups (two groups of 9 animals and two groups of 15 animals) ensuring 
even distribution of the animal weight ranges, to achieve a similar mean starting weight and standard 
deviation for each group. The rats were fed a standard rodent chow diet (AIN-93M diet) and weighed 
every second day until seven days later when the animals were transferred onto the experimental 
diets as described below. The overall mean rat weight at the start of the trial feeding period was 124 
± 22.2 g (mean ± standard deviation). 
2.2. Diets and Procedures 
All animals were provided with either a modified-AIN-93M diet (Control) or a low calcium and 
phosphorus (Low Ca/P) AIN-93M diet (Low Ca/P control, Low Ca/P + SM, and Low Ca/P + CM) ad 
libitum. The modified-AIN-93M diet was based on a standard rat basal chow diet modified to contain 
no dairy proteins. The Low Ca/P (AIN-93M) diet is identical to the modified-AIN-93M diet except 
that it was formulated with a 50% reduction in both Ca and P as shown in Table 1. Fresh diet pellets 
were provided to the rats every two to three days and the mass consumed by each rat was recorded. 
The rats were weighed daily during the feeding period. 
The diet groups were as follows: 1) Control (modified-AIN-93M) diet (control, n = 9); 2) low 
calcium and phosphorus control (Low Ca/P control, n = 9); 3) low calcium and phosphorus with sheep 
milk (Low Ca/P + SM, n = 15); and 4) low calcium and phosphorus with cow milk (Low Ca/P + CM, 
n = 15). 
The milk-fed animals (Low Ca/P + SM and Low Ca/P + CM) were provided with whole un-
pasteurized milk twice daily, once in the morning and once in the evening (defrosted from frozen 
aliquots prior to each feeding time point). The cow and sheep milk were sourced from commercial 
organic farms in the Manawatu and Hawke’s Bay regions of New Zealand, respectively. The milk 
used in the trial was separated into individual aliquots prior to freezing from a bulk delivery of 
unprocessed food grade milk, provided by each respective supplier. The amount of milk offered was 
more than the expected total consumption per day (based on earlier observations) and adjusted 
during the trial as necessary [16]. The volume of milk consumed by each animal was recorded and 
the remaining milk from each session was discarded. The control animals were provided with fresh 
drinking water ad libitum. 
After 28 d of feeding, all rats were euthanized by CO2 asphyxiation and cervical dislocation. 
Blood samples were collected by cardiac puncture using 8.5 mL BD Vacutainer® SST™ tubes (Bristol 
Circle (Franklin Lakes, USA)) and allowed to clot before centrifuging (Sigma 3–18K Centrifuge, 
Sigma-Aldrich, St. Louis, Missouri, USA) at 4 °C at 1500 x g for 10 min to separate the serum fraction. 
The serum was harvested and subsequently stored frozen at -80 oC. Soft tissues (liver, kidney, brain, 
and spleen) from the rats were harvested, weighed, and frozen in liquid nitrogen before storage at -
80 oC.   
Nutrients 2020, 12, 594 4 of 16 
Table 1. Composition of the modified-AIN-93M and low Ca/P modified-AIN-93M diets used in the 
animal feeding trial*. 
Diet 
Modified-AIN-93M(g) Low Ca/P modified-AIN-93M (g) 
Ingredient  
Beef protein extract 140 140 
L-cystine 1.8 1.8 
Corn starch 495.69 495.69 
Maltodextrin 125 125 
Sucrose 106.69 106.69 
Cellulose 50 50 
Soybean oil 40 40 
t-butylhydroquinone 0.008 0.008 
Mineral mix a 3.5 3.5 
NaCl 2.59 2.59 
CaCO3 b 12.495 6.248 
KH2PO4 c 8.75 4.375 
K₃C₆H₅O d 0.98 4.375 
Vitamin mix e 10 10 
Choline bitartrate 2.5 2.5 
Yellow dye f 0.00 0.05 
* Values as provided by the supplier. a Proprietary mix (S10022C). b40% Ca. c 22.8% P and 28.7% K. 
d36.2% K. e Proprietary mix (V10037). f Tartrazine. 
2.3. Proximate Analysis of Diets and Milk 
The nutritional compositions of the basal diets were reported based on supplier information. 
The nutritional compositions of the milk samples were determined by the MilkTestNZ™ (Hamilton, 
New Zealand) standardized CM program using a Milkoscan™ (Foss Milkoscan, Foss, Hillerød, 
Denmark). 
2.4. Analysis of Mineral Composition 
The mineral composition of the milk types, AIN-93M diets, soft organs and serum were 
determined by inductively coupled plasma mass spectrometry (ICP-MS) as described by Burrow, et 
al. [16]. Samples were digested in an ultraclean, metal-free Class 100 (ISO 5) laboratory (Department 
of Chemistry, University of Otago, Dunedin, New Zealand). Microwave digestion was conducted 
using a MARS 6 microwave digestion unit (CEM Corporation, Matthews, North Carolina, USA) with 
Mars X-Press digestion tubes (CEM Corporation, Matthews, North Carolina, USA). The analysis was 
carried out using an ICP-MS (Agilent 7900, Agilent, Santa Clara, California, USA) instrument in 
general-purpose plasma mode and with a quartz 2.4 mm torch. The sample depth was set to 10 mm, 
with a gas flow rate of 1.05 L/min and a nebulizer flow rate of 0.1 rps. Internal standards of beryllium 
(Be), scandium (Sc), germanium (Ge), rhodium (Rh), indium (In), terbium (Tb), and bismuth (Bi) were 
added online. Detection limits are reported in Table S1. 
2.5. Statistical Analysis 
Analysis of variance (ANOVA) was used to determine the differences between each diet with 
respect to the mineral profiles using SPSS 24 (IBM Corporation, New York, New York, USA). To 
identify differences between each diet with respect to weight gain, food intake, and milk intake, 
repeated measures ANOVA was applied (using SPSS 24). Following ANOVA and repeated measures 
ANOVA, Tukey’s post hoc testing was used where appropriate. 
The effect of diet on the mineral concentration in each organ was assessed with the Kruskal 
Wallis and the Dunns test with Bonferroni correction (using SPSS 24). Relationships between the 
intake of each mineral and the concentration of each mineral in each individual organ were 
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established with Spearman’s correlation (using SPSS 24). Data are presented as the mean ± the 
standard deviation. Significance was determined as p < 0.05. 
3. Results and Discussion 
3.1. Diet Composition 
The nutritional compositions of the diets provided to the rats during the feeding trial are shown 
in Table 2 and the specific mineral intakes for each diet group are shown in Table 3 (derived from 
data provided in supplementary Table S2). The basal diet used in this study was modified to remove 
dairy protein from the formulation and replace this with beef protein, in order to prevent any 
confounding effects. The protein used in rodent diets was from several sources including egg 
albumin, goat milk, CM, and beef protein [22–24]. With respect to milk composition, the data 
presented (Table 2) are consistent with the expected nutritional composition for both SM and CM as 
reported in the literature [25]. 
Table 2. Nutritional composition of diets. 
Fraction 
Basal diet * Milk# 
Modified-AIN-93M 
(%) 
Low Ca/P modified-AIN-93M  
(%) 
Cow Milk (%) Sheep Milk (%) 
Protein 14 14 3.69 5.55 
Lipid 4 4 3.63^ 8.72 ^ 
Carbohydrate  76 76 - - 
Lactose - - 4.81 4.47 
* As reported by the supplier on a dry weight basis. # As determined by Milkoscan™ (Foss Milkoscan, 
Foss, Hillerød, Denmark) measurement on a wet weight basis. ^ As determined by Monjonnier ether 
extraction method (Association of Official Analytical Chemists, 2005a), on a wet weight basis. 
The data presented in Table 3 show that there is, for the most part, a clear delineation between 
the minerals provided via the basal diet and those provided via the different milk types. For example, 
cerium (Ce), chromium (Cr), erbium (Er), uranium (U), vanadium (V), and yttrium (Y) were all higher 
in the two control diet groups (Control and Low Ca/P control), whereas, Cs, lanthanum (La), and 
strontium (Sr) were higher in the milk containing diet groups. Although some work has been 
conducted previously on SM, a comprehensive trace and non-essential element profile of New 
Zealand SM has not been published [12,16]. 




Low Ca/P control 
[µg/day] 
Low Ca/P + CM 
[µg/day] 






Ca * 75.4 ± 7.17b 53.8 ± 3.75c 93.3 ± 5.44a 97.4 ± 11.7a 
Mg * 14.8 ± 1.40ab 14.0 ± 0.98b 15.8 ± 0.73a 15.4 ± 1.38a 
K * 180 ± 17.1b 168 ± 11.7bc 198 ± 9.01a 160 ± 13.5c 
P * 56.1 ± 5.33b 42.7 ± 2.98c 76.7 ± 4.61a 79.5 ± 9.68a 
Na * 123 ± 11.7a 113 ± 7.85b 108 ± 5.89b 113 ± 9.65b 
Trace 
Cu 148 ± 14.1a 117 ± 8.17b 97.8 ± 6.80c 96.9 ± 8.02c 
Fe  180 ± 17.1a 168 ± 11.7a 148 ± 9.30b 170 ± 14.6a 
Mn 262 ± 24.9a 220 ± 15.4b 182 ± 12.9c 165 ± 14.3c 
Mo 3.63 ± 0.35a 2.66 ± 0.19b 2.18 ± 0.16c 1.94 ± 0.17d 
Ni  14.0 ± 1.33a 12.3 ± 0.86b 10.1 ± 0.72c 9.07 ± 0.79c 
Zn * 1.03 ± 0.10a 0.93 ± 0.07b 0.91 ± 0.06bc 0.84 ± 0.07c 
Non-
essential 
Al  220 ± 21.0a 240 ± 16.8a 197 ± 14.1b 234 ± 19.8a 
Ce # 390 ± 37.1a 303 ± 21.1b 249 ± 17.8c 221 ± 19.5d 
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Cr 36.5 ± 3.47a 31.0 ± 2.16b 25.5 ± 1.83c 22.6 ± 1.99d 
Cs 0.37 ± 0.04b 0.35 ± 0.02b 0.33 ± 0.02b 1.13 ± 0.17a 
Er # 32.7 ± 3.11a 30.4 ± 2.12a 25.0 ± 1.79b 22.1 ± 1.95c 
La  2.77 ± 0.26a 2.56 ± 0.18b 2.11 ± 0.15c 1.87 ± 0.16d 
Li  2.77 ± 0.26a 2.56 ± 0.18a 2.11 ± 0.15b 2.17 ± 0.18b 
Nd # 215 ± 20.5a 185 ± 12.9b 152 ± 10.9c 135 ± 11.9d 
Ni  14.0 ± 1.33a 12.3 ± 0.86b 10.1 ± 0.72c 9.07 ± 0.79c 
Rb  72.2 ± 6.86c 67.2 ± 4.69c 131 ± 8.4a 110 ± 12.6b 
Sr  41.9 ± 3.98b 31.6 ± 2.20c 46.9 ± 2.38b 75.1 ± 10.1a 
U  240 ± 22.9a 153 ± 10.6b 125 ± 8.99c 111 ± 9.81c 
V  12.0 ± 1.12a 10.0 ± 0.73b 9.00 ± 0.62c 8.00 ± 0.67d 
Y # 511 ± 48.5a 453 ± 31.6a 373 ± 26.7b 331 ± 29.1c 
^ Results are reported as mean ± standard deviation, Control = rats fed a modified-AIN-93M diet (n = 
9), Low Ca/P control = rats fed a Low Ca/P modified-AIN-93M diet (n = 9), Low Ca/P + CM = rats fed 
a Low Ca/P modified-AIN-93M diet with the addition of cow milk ad libitum instead of drinking 
water (n = 15), Low Ca/P + SM = rats fed a Low Ca/P modified-AIN-93M diet with the addition of 
sheep milk ad libitum instead of drinking water (n = 15), different superscript letters indicate 
significant differences in mineral intakes between diets within an organ, calculated using ANOVA (p 
< 0.05). * [mg/day]. # [ng/day]. 
It has been previously noted in the literature that sheep milk consistently contains elevated levels 
of non-essential minerals in comparison to the most common ruminant milk type, cow milk [10,12]. 
Of particular interest are the concentrations of Al, Cu, and Pb, because these elements are known to 
have a negative impact on human health. For example, excessive exposure to Pb has been well linked 
to neurodegeneration [26]. The key mechanisms behind the elevated concentration of these elements 
has not been established [10,12]. One aspect to note is the overall elevated concentration of all 
nutritional components in sheep milk. This means that although there can be elevated overall 
concentrations of individual non-essential minerals when sheep milk is compared to cow milk, the 
concentration of each mineral is proportionally similar between the two milk types [16]. When 
disproportionately higher concentrations of non-essential minerals in sheep milk (when compared to 
cow milk) have been noted, this is typically related to on farm variables, including animal feeding 
patterns and contaminated milking equipment [10,27]. In the context of the data presented in the 
present work (Table 3 and Table S2) the levels observed are not of concern and are within the legal 
limits for New Zealand and Australia [28]. 
3.2. Rat Food and Milk Intake 
The food and milk intakes for each diet group are shown in Figure 1. Milk intake (g/g body 
weight/day) by the Low Ca/P + CM fed rats was significantly higher than for the Low Ca/P + SM fed 
rats (p < 0.05, Figure 1). The Low Ca/P diet did not result in a significantly different total food intake 
(g/g body weight/day) by the rats compared to the control diet (p > 0.05, Figure 1). The consumption 
of both kinds of milk significantly reduced the food intake compared to the Low Ca/P control diet (p 
< 0.05, Figure 1). Only the Low Ca/P + SM diet fed rats had a significantly lower food intake than the 
Control fed rats (p < 0.05, Figure 1). 
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Figure 1. Diet intake of rats fed on different milk diets (mean ± standard deviation): (A) Food intake 
(g/g body weight/day) and (B) Milk intake (g/g body weight/day). Control = rats fed a modified-AIN-
93M diet (n = 9), Low Ca/P control = rats fed a Low Ca/P Modified-AIN-39M diet (n = 9), Low Ca/P + 
CM = rats fed a modified-AIN-93M diet with the addition of cow milk ad libitum instead of drinking 
water (n = 15), Low Ca/P + SM = rats fed a Low Ca/P modified-AIN-93M diet with the addition of 
sheep milk ad libitum instead of drinking water (n = 15). Different superscript letters indicate 
significant differences between dietary groups with respect to food intake, determined using repeated 
measures ANOVA and Tukey’s post hoc testing (p < 0.001). * indicates a significant difference between 
the different diets with respect to milk intake, determined using repeated measures ANOVA (p = 
0.001). 
The lower food intake for the Low Ca/P + SM rats compared to the Control fed rats (p < 0.05) is 
most likely due to the high energy density of SM [10]. Larue-Achagiotis et al. [29] showed that adult 
male Wistar rats that were given the opportunity to self-select dietary components ab libitum, did 
not have significantly different calorific intakes when compared with rats fed solely on a standard 
‘balanced’ basal diet (p > 0.05). A self-regulated dietary intake could explain the difference in diet 
intake between the Low Ca/P + SM fed rats and the Control fed rats as well as most likely being the 
justification for the lower intake of milk that was observed in the Low Ca/P + SM fed rats compared 
to the Low Ca/P + CM fed rats (p < 0.05, Figure 1). 
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3.3. Rat Weight Gain 
The weight gain for each diet group is presented in Figure 2. The Low Ca/P control rats had a 
significantly (p < 0.05) lower weight gain compared with rats that consumed either of the milk diets 
(Low Ca/P + CM or Low Ca/P + SM). No significant difference in weight gain was observed 
between the Control diet and the Low Ca/P control fed rats.
 
Figure 2. Weight gain (g/day) of rats fed on different milk diets (mean ± standard deviation). Control 
= rats fed a modified-AIN-93M diet (n = 9), Low Ca/P control = rats fed a Low Ca/P Modified-AIN-
39M diet (n = 9), Low Ca/P + CM = rats fed a Low Ca/P modified-AIN-93M diet with the addition of 
cow milk ad libitum instead of drinking water (n = 15), Low Ca/P + SM = rats fed a Low Ca/P modified-
AIN-93M diet with the addition of sheep milk ad libitum instead of drinking water (n = 15). Different 
superscript letters indicate significant differences between dietary groups for animal weight gain, 
determined using repeated measures ANOVA and Tukey’s post hoc testing (p = 0.008). 
Lobo et al. [19] reported body weight gains of 5.61 and 4.72 g/day for control (diet contained 5.51 
g Ca/kg) and Ca restricted (diet contained 1.57 g Ca/kg) 4 week old male Wistar rats, respectively, 
over the course of 33 days. Similar to the present study, the difference in weight gain reported by 
Lobo et al. [19] was not significantly different between the control and Ca restricted groups (p > 0.05). 
The consumption of either SM or CM with a Low Ca/P diet significantly increased the weight gain of 
rats (p < 0.05, Figure 2), despite the rats consuming either milk type consuming significantly lower 
amounts of the basal diet compared to the Low Ca/P control fed rats (p < 0.05, Figure 1). Although 
the reduced food intake might be due to the additional energy that the SM and CM provides to the 
rats, the present study indicates that the change in weight gain is not driven by excess nutrition. This 
is due to the Low Ca/P + SM fed rats consuming significantly less basal food than the Control fed rats 
(p < 0.05, Figure 1), but had the same weight gain (p > 0.05, Figure 2), showing that either SM or CM 
as a dietary supplement can prevent the reduced weight gain associated with a Ca and P restricted 
diet. 
The restriction of specific minerals, for example altering the Zn concentration in the diet, has 
been shown to alter feeding patterns in rats. Reeves [30] reported that a reduction of Zn content in 
the basal diet by 30 fold (from 30 to < 1.0 mg Zn/kg) for 3 days resulted in a significant reduction in 
both the food intake and weight gain in male Sprague-Dawley rats (p < 0.05). It must be noted that 
Zn specifically has been linked to the regulation of neuropeptide Y, a pancreatic polypeptide 
associated with hunger [31]. No association has been identified relating the deficiency of Ca or P to 
food intake in humans. 
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It must be noted that the reduction in Ca content in the food used in the present study was not 
as extreme as that reported by other authors in the literature. Previous studies that reported the use 
of a Ca reduced diet in rats applied reductions of 90% or more of Ca in the basal feed with only one 
mineral altered [20,32]. In the present work, a lower level of reduction was selected based on ethical 
consideration. In addition, the selection of a combined reduction in both Ca and P was selected due 
to the interrelationship that has been identified between the two minerals within both the milk matrix 
and mineral metabolism [10,33]. The significant differences in weight gain between the Low Ca/P 
control rats and that of either of the milk diets (Low Ca/P + CM or Low Ca/P + SM) (p < 0.05, Figure 
2), shows that this study was able to successfully balance animal welfare and reach significant 
physiological effect that could support the study objectives. 
3.4. Macro and Trace Minerals in Soft Organs and Serum 
The macro and trace mineral composition of rat organs and serum is shown in Table 4 and Table 
5. Minerals present below detection limit are not reported. Significant differences in mineral 
concentrations due to diet were observed in the kidney, spleen, and liver (p < 0.05), but not in the 
serum or brain (p > 0.05, Table 4 and Table 5). Correlations between the daily intake of minerals and 
the organ concentrations of macro and trace minerals are reported in Table S3. 
The macro and trace mineral accumulations in the organs were not different in rats that were 
fed either control or reduced Ca and P intake diets (p > 0.05, Table 4). Significant differences in the 
Fe, Mo, and Na concentrations in spleen were found between the milk diet fed rats and the Low Ca/P 
control fed rats (p < 0.05), but these three minerals were not significantly different when the milk diet 
fed and the Control fed rats were compared (p > 0.05). This is most likely due to the overall 
homeostatic regulation of minerals, which is reported to be affected only in the case of extreme 
deficiency (or excess) [34]. 
Co concentration was reduced in the spleen and liver related to supplementation with either CM 
or SM (Table 4, and Table S3), and had a significant negative correlation with Ca intake in the spleen 
(p < 0.05). Although Co shares absorption pathways with Fe and Ca, the functional role of Co in 
biological pathways is not fully characterized [35]. The occurrence of Co deficiency is not common in 
humans, with no consistent data on its prevalence [35,36]. Co is a cofactor for the enzymes methionine 
synthase and methylmalonyl-CoA mutase in the biologically active form cobalamin [36]. Co has the 
lowest recommended dietary intake of all trace elements at 2.4 μg per day in humans [37]. However, 
the supplementation of the diet of sheep with Co is quite common, because the absorption of Co by 
sheep is extremely ineffective [38]. This may explain why the SM containing diet in the present study 
has such an elevated level of Co. For rats, no target Co intake level has been reported [35]. Therefore, 
it can be concluded that the Co concentration observed in the present study is not detrimental. 
Significant negative correlations between the intakes and organ concentrations were observed 
for Mn (liver) and Mo (spleen and liver) (p < 0.05, Table S3). Although Mn absorption is poorly 
characterized, some evidence exists for interactions with Fe during absorption [39]. Hansen et al. [40] 
identified that Mn accumulation in the liver is significantly reduced in pigs that were fed a control 
diet that was supplemented with Fe (at 500 mg Fe/kg of diet), compared to feeding a control diet (p < 
0.05). Like Mn, Mo absorption is similarly poorly characterized. Although one Mo specific transport 
protein has been reported in mammals, the pathway is poorly understood [41]. 





Low Ca/P + CM Low Ca/P + SM 
Organ Element type  Element  [µg/kg] [µg/kg] [µg/kg] [µg/kg] 
Brain Macro 
Ca # 46.3 ± 3.79 46.9 ± 2.70 46.5 ± 2.92 45.9 ± 3.32 
K @ 3.64 ± 0.18 3.76 ± 0.20 3.73 ± 0.16 3.66 ± 0.20 
Mg # 148 ± 4.40 151 ± 5.77 150 ± 5.03 149 ± 5.16 
Na # 1.07 ± 0.04 1.10 ± 0.07 1.11 ± 0.04 1.10 ± 0.05 




Low Ca/P + CM Low Ca/P + SM 
Organ Element type  Element  [µg/kg] [µg/kg] [µg/kg] [µg/kg] 
P @ 2.88 ±0.10 2.93 ± 0.14 2.96 ± 0.14 2.95 ± 0.11 
Trace 
Cu # 1.85 ± 0.10 1.83 ± 0.10 1.85 ± 0.10 1.91 ± 0.11 
Fe # 17.9 ± 2.14 17.5 ± 1.79 17.2 ± 2.48 18.2 ± 2.76 
Mn 353 ± 35.2 373 ± 22.9 370 ± 16.5 364 ± 17.5 
Mo 26.2 ± 2.67 25.6 ± 2.39 26.1 ± 1.82 25.1 ± 1.79 
Zn # 11.7 ± 0.46 11.9 ± 0.49 11.9 ± 0.43 11.6 ± 0.52 
Non-essential 
As 22.2 ± 4.16 a 20.7 ± 2.84 ab 15.1 ± 2.23 c 16.3 ± 3.12 bc 
Co 3.89 ± 0.42 4.06 ± 0.82 3.41 ± 0.41 3.47 ± 0.44 
Cs 5.20 ± 0.79 b 4.87 ± 0.44 b 4.61 ± 0.48 b 9.38 ± 1.74 a 
Rb # 1.29 ± 0.13 b 1.35 ± 0.17 b 2.09 ± 0.22 a 2.05 ± 0.27 a 
Sr 10.7 ± 2.39 b 29.9 ± 17.6 a 13.8 ± 6.16 b 17.8 ± 8.97 ab 
Pb BDL BDL BDL BDL 
Kidney 
Macro 
Ca # 69.5 ± 8.41 69.2 ± 4.97 67.9 ± 6.03 69.0 ± 5.25 
K @ 2.49 ± 0.38 2.71 ± 0.15 2.54 ± 0.28 2.55 ± 0.19 
Mg # 180 ± 26.2 185 ± 9.28 178 ± 17.3 179 ± 13.2 
Na # 1.42 ± 0.15 1.42 ± 0.07 1.40 ± 0.10 1.46 ± 0.14 
P @ 2.61 ± 0.40 2.62 ± 0.11 2.54 ± 0.26 2.54 ± 0.21 
Trace 
Cu # 3.88 ± 0.54 b 3.38 ± 0.20 b 5.29 ± 1.13 a 5.34 ± 1.01 a 
Fe # 60.0 ± 10.4 57.7 ± 6.58 59.5 ± 7.94 61.9 ± 10.6 
Mn 750 ± 123 829 ± 68.8 755 ± 105 764 ± 78.6 
Mo 180 ± 25.2 184 ± 15.6 183 ± 23.6 187 ± 16.7 
Zn # 18.0 ± 2.14 18.1 ± 1.98 18.0 ± 2.00 18.5 ± 1.46 
Non-essential 
As 75.8 ± 19.1 ab 65.1 ± 6.12 a 56.6 ± 10.7 ab 61.0 ± 14.5 b 
Co 85.4 ± 17.5 83.3 ± 11.4 68.9 ± 9.89 66.1 ± 9.26 
Cs 14.0 ± 2.95 b 13.8 ± 1.62 b 12.0 ± 1.37 b 20.2 ± 2.69 a 
Rb # 2.92 ± 0.51 b 3.54 ± 0.37 b 4.96 ± 0.67 a 4.76 ± 0.66 a 
Sr 24.1 ± 4.70 b 46.7 ± 5.22 a 27.6 ± 5.37 b 39.4 ± 8.14 a 
Pb 51.7 ± 38.8 81.5 ± 48.7 55.2 ± 59.0 105 ± 76.1 
Liver 
Macro 
Ca # 33.7 ± 3.56 32.8 ± 3.17 35.4 ± 1.91 36.4 ± 3.35 
K @ 3.34 ± 0.27 b 3.41 ± 0.10 b 3.61 ± 0.14 a 3.55 ± 0.19 ab 
Mg # 201 ± 17.6 206 ± 7.91 209 ± 9.70 209 ± 14.4 
Na # 668 ± 45.0 686 ± 37.9 663 ± 46.4 690 ± 49.6 
P @ 2.90 ± 0.21 2.93 ± 0.14 3.00 ± 0.18 3.04 ± 0.22 
Trace 
Cu # 3.08 ± 0.34 b 3.12 ± 0.13 b 3.34 ± 0.24 ab 3.41 ± 0.19 a 
Fe # 128 ± 22.8 a 138 ± 16.9 a 89.1 ± 9.79 b 88.8 ± 10.6 b 
Mn 1.41 ± 0.16 b 1.57 ± 0.15 ab 1.72 ± 0.15 a 1.79 ± 0.11 a 
Mo 235 ± 23.9 b 214 ± 29.5 b 297 ± 30.7 a 335 ± 37.9 a 
Zn # 20.8 ± 1.75 b 21.0 ± 1.82 b 24.0 ± 1.97 a 25.0 ± 2.06 a 
Non-essential 
As 57.1 ± 13.4 ab 64.3 ± 11.4 a 45.8 ± 11.6 b 47.7 ± 12.4 ab 
Co 15.6 ± 1.70 ab 18.1 ± 2.88 a 12.1 ± 2.81 c 12.3 ± 2.44 bc 
Cs 8.80 ± 1.05 b 8.49 ± 0.91 b 8.23 ± 0.80 b 15.6 ± 1.88 a 
Rb # 4.84 ± 0.42 b 4.98 ± 0.54 b 8.51 ± 0.82 a 8.38 ± 0.92 a 
Sr 11.6 ± 1.56 c 17.0 ± 2.07 a 13.0 ± 1.92 bc 15.1 ± 1.44 ab 
Pb BDL BDL BDL BDL 
Spleen 
Macro 
Ca # 31.2 ± 5.81 36.6 ± 4.88 34.2 ± 7.04 37.3 ± 3.69 
K @ 4.12 ± 0.54 4.54 ± 0.36 4.35 ± 0.53 4.47 ± 0.50 
Mg # 187 ± 25.0 207 ± 17.7 199 ± 24.8 206 ± 22.7 
Na # 490 ± 71.4 b 559 ± 65.0 a 551 ± 41.8 ab 545 ± 52.5 ab 
P @ 3.05 ± 0.45 3.39 ± 0.32 3.35 ± 0.15 3.39 ± 0.43 
Trace 
Cu # 0.94 ± 0.16 0.98 ± 0.09 0.92 ± 0.19 1.00 ± 0.12 
Fe # 305 ± 55.7 ab 427 ± 99.1 a 238 ± 75.0 bc 205 ± 41.5 c 




Low Ca/P + CM Low Ca/P + SM 
Organ Element type  Element  [µg/kg] [µg/kg] [µg/kg] [µg/kg] 
Mn 150 ± 25.2 178 ± 20.0 154 ± 28.6 162 ± 18.0 
Mo 53.2 ± 14.9 ab 66.1 ± 11 a 50.4 ± 14.9 b 55.4 ± 12.4 ab 
Zn # 16.2 ± 2.28 18.2 ± 1.94 17.3 ± 1.96 18.0 ± 2.03 
Non-essential 
As 171 ± 45.7 a 197 ± 37.7 a 116 ± 31.8 b 115 ± 16.5 b 
Co  8.78 ± 1.10 a 10.1 ± 1.71 a 5.89 ± 1.64 b 5.59 ± 0.85 b 
Cs 8.01 ± 2.11 b 8.22 ± 0.94 b 6.52 ± 1.26 b 12.3 ± 1.57 a 
Rb # 3.15 ± 0.40 c 3.73 ± 0.44 bc 5.05 ± 1.13 ab 5.43 ± 0.80 a 
Sr 10.3 ± 1.42 c 19.5 ± 3.24 a 11.8 ± 2.21 b 17.2 ± 2.92 a 
Pb BDL BDL BDL BDL 
^ Results are reported as mean ± standard deviation, Control = rats fed a modified-AIN-93M diet (n = 
9), Low Ca/P control = rats fed a Low Ca/P modified-AIN-93M diet (n = 9), Low Ca/P + CM = rats fed 
a Low Ca/P modified-AIN-93M diet with the addition of cow milk ad libitum instead of drinking 
water (n = 15), Low Ca/P + SM = rats fed a Low Ca/P modified-AIN-93M diet with the addition of 
sheep milk ad libitum instead of drinking water (n = 15), BDL = below detection limit (Table S1), 
different superscript letters indicate significant differences in mineral concentrations between 
treatments within an organ, calculated using the Kruskal Wallis test and Dunn’s test with Bonferroni 
correction (p < 0.05). # [mg/kg]. @ [g/kg]. 





Low Ca/P + 
CM 
Low Ca/P + 
SM 
Element type  Element  [µg/mL] [µg/mL] [µg/mL] [µg/mL] 
Macro 
Ca 142 ± 10.8 140 ± 8.73 141 ± 8.06 138 ± 10.2 
K 331 ± 44.1 284 ± 54.3 306 ± 46.5 281 ± 45.3 
Mg 29.1 ± 6.30 28.6 ± 4.46 26.5 ± 3.72 29.9 ± 7.20 
P 199 ± 18.1 181 ± 12.5 187 ± 19.3 186 ± 9.71 
Trace 
Cu 1.00 ± 0.12 0.94 ± 0.05 1.00 ± 0.10 1.01 ± 0.09 
Fe 3.41 ± 0.91 3.07 ± 1.37 4.20 ± 1.15 4.11 ± 1.17 
Zn 1.57 ± 0.15 1.55 ± 0.17 1.65 ± 0.25 1.70 ± 0.26 
Non-essential 
Cs * 0.88 ± 0.23ab 0.67 ± 0.12b 0.66 ± 0.14b 1.00 ± 0.17a 
Rb 0.28 ± 0.06ab 0.22 ± 0.05b 0.37 ± 0.09a 0.37 ± 0.09a 
Sr BDL BDL BDL BDL 
Pb BDL BDL BDL BDL 
^ Results are reported as mean ± standard deviation, Control = rats fed a modified-AIN-93M diet (n = 
9), Low Ca/P control = rats fed a Low Ca/P modified-AIN-93M diet (n = 9), Low Ca/P + CM = rats fed 
a Low Ca/P modified-AIN-93M diet with the addition of cow milk ad libitum instead of drinking 
water (n = 15), Low Ca/P + SM = rats fed a Low Ca/P modified-AIN-93M diet with the addition of 
sheep milk ad libitum instead of drinking water (n = 15), BDL = bellow detection limit (Table S1), 
different superscript letters indicate significant differences in mineral concentrations between 
treatments within an organ, calculated using the Kruskal Wallis test and Dunn’s test with Bonferroni 
correction (p < 0.05). *(ng/mL). 
A relationship between Zn intake and liver Zn concentration is reported in Table S3, where there 
was a significant negative correlation between Zn intake and liver Zn concentrations (p < 0.05). Even 
though the rats consuming either of the control diets (Control or Low Ca/P control) had the highest 
Zn intakes (Table 3), they also had the lowest liver Zn content (Table 4). The relationship between Ca 
and Zn accumulation in organs and consumption of dairy products has not been fully established. 
Hansen et al. [42] found that the addition of Ca and/or casein phosphopeptides to bread fortified with 
Zn did not have a significant effect on apparent Zn absorption (measured as a function of whole body 
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65Zn retention) in healthy human adults (aged 19 to 30 years). In contrast, Miller et al. [43] used the 
data from 72 studies to devise a mathematical model of Zn absorption that showed both Ca intake 
and protein intake was positively associated with Zn absorption, whereas phytate intake was 
strongly negatively associated. A high rate of Zn deficiency has been found worldwide with a 
deficiency risk of 16 ± 1.4% [44]. As discussed above, even though the rats that consumed either of 
the control diets had the highest Zn intakes (Table 3), they had the lowest Zn concentrations in the 
liver (Table 4). It appears that the consumption of SM as a diet supplement may be able to increase 
Zn absorption; however, the data do not provide any indication of the mechanism(s) involved in this 
interaction. Therefore, further targeted work focusing on the relationship between SM intake and Zn 
absorption (rather than accumulation) is required. 
Cu intake had a significant negative correlation with organ concentration in both the liver and 
kidney (p < 0.05, Table S3). Antagonistic interactions between Cu and Fe absorption have been 
reported in the literature in human studies [45]. Furthermore, higher dietary Zn concentrations 
(rather than absorbed levels of Zn) have been shown to block Cu absorption through competitive 
transport interactions [46]. Rats fed the Low Ca/P diet plus SM had a significantly higher Cu 
concentration in the organs higher than the levels of the Control diet (p < 0.05, Table 4), but not the 
diet plus CM (p > 0.05, Table 4). It is, therefore, inconclusive as to whether SM specifically, or milk 
generally, can improve Cu absorption. Literature reports indicate that milk type can affect the Cu 
bioavailability. Díaz-Castro et al. [47] showed that goat milk (fortified with Ca) significantly increased 
the bioavailability of Cu compared with CM (fortified with Ca) in male Wistar albino rats with 
induced iron deficient anemia (p < 0.001). Targeted work focusing on the relationship between SM 
intake and Cu absorption (rather than accumulation) needs to be undertaken to understand the 
process in this case. 
The essential and trace mineral concentrations in the organs and serum observed in this study 
were within the reported range for growing rats [48,49]. Most of the differences observed with respect 
to the essential and trace mineral concentrations occurred in spleen and liver (Table 4), which relates 
to the role these organs have in mineral metabolism, regulation, and storage [50]. 
3.5. Non-Essential Minerals in Soft Organs and Serum 
Significant differences in concentration for a variety of non-essential minerals due to diet were 
observed in all rat organs for As, Cs, Rb, and Sr (p < 0.05, Table 4 and Table 5). Correlations between 
the daily intake and organ concentrations of non-essential minerals are reported in Table S6. Minerals 
present below detection limits (Table S1) are not reported. 
As was found at concentrations above the detection limit in the soft organs of the rats (Table 4). 
In the brain, rats fed on the Low Ca/P + CM diet showed significantly lower As concentrations than 
rats fed either control diet (Control and Low Ca/P control) (p < 0.05, Table 4). In the kidney, the Low 
Ca/P + SM showed a significantly lower As concentration than that of the Low Ca/P control fed rats 
(p < 0.05, Table 4). In the liver, the Low Ca/P + CM fed rats had the lowest As concentration, which 
was significantly lower than that of the Low Ca/P control fed rats (p < 0.05, Table 4). In the spleen, 
with respect to As, there was no statistical overlap between the control diets (Control or Low Ca/P 
control) and the milk diets. The control diets resulted in significantly lower As concentrations in the 
spleen than the milk diets (p < 0.05, Table 4). It must be noted that despite As not being found in the 
various dietary components above the detection limit (Table S1 and S2), accumulation of As still 
occurred in all soft organs tested (Table 4). The concentrations of As found in the present study are 
within the expected range for rat organs. Shimamura, et al. [48] showed that 17-week-old female 
Wistar rats had liver As concentrations of 570 ± 180 μg/kg. For kidney, Shimamura, et al. [49] showed 
that 17 week old female Wistar rats had an average As concentration of 810 ± 200 μg/kg. When our 
data are compared with this published literature, it indicates that although As accumulation did 
occur, the accumulation was not of concern for animal health due to the low concentrations observed. 
In the present study, the concentrations of Cs and Rb in the soft organs and serum (Table 4) were 
consistent with those observed in our earlier study [16]. Cs showed a constant pattern across all four 
organs (brain, liver, kidney, and spleen) where the control diet (Control and Low Ca/P control) 
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groups and the Low Ca/P + CM fed rats were significantly lower than the Low Ca/P + SM fed rats (p 
< 0.05, Table 4). For Rb in the brain, liver, and kidney, rats fed the control diets (Control and Low 
Ca/P control) showed significantly lower concentrations compared to the milk diet groups (Low Ca/P 
+SM, and Low Ca/P + CM) (p < 0.05, Table 4). The pattern for Rb was different in the spleen, where 
the Control diet fed rats showed the lowest concentration, significantly lower than the milk diet fed 
rats (p < 0.05, Table 4), but the Low Ca/P control diet fed rats did not show a significant difference in 
Rb concentrations compared with the Low Ca/P + CM feed rats (p > 0.05, Table 4). Data in Table S6 
show a significant positive correlation (p < 0.05) between the intakes of Cs and Rb and the 
concentration in each organ. For Cs and Rb, it is known that these minerals and their accumulation 
are related to dietary intake [51,52]. Little information is available on the physiological impact of the 
stable isotopes of Cs and Rb on rat organs [51,52]. As established by Burrow, et al. [16], data currently 
available for Cs focuses on the effects of the radioactive isotopes 134Cs and 137Cs in the context of 
nuclear contamination rather than ‘natural’ environmental levels [53]. 
Sr had significantly different distributions among the different diet groups in all the tested 
organs (p < 0.05, Table 4). Sr has been shown to have a number of biochemical similarities to Ca 
[54,55]. The increase in Sr accumulation in the organs of the Low Ca/P control fed rats, therefore, 
might be due to Sr uptake instead of Ca. The patterns observed for the concentrations of Sr in organs 
for the Control, Low Ca/P +SM, and Low Ca/P + CM fed rats are closely related to the intakes of Sr. 
However, the concentration of Sr in the Low Ca/P control fed rats does not follow this pattern. Sr is 
considered to be a non-essential mineral because it is not known to be required for any biological 
function, [54,55] although some evidence exists that Sr can play a positive role in bone metabolism 
by substituting Ca in the hydroxyapatite (HA) structure [54]. A study by Pei et al. [56] using five 
month old male Sprague-Dawley rats with chemotherapy-induced osteoporosis, demonstrated that 
the administration of strontium ranelate (at 900 mg/kg/day) resulted in significantly increased bone 
parameters including trabecular bone volume and trabecular thickness, in comparison to a control 
treatment. However, further work is still required to establish a specific biological role before Sr can 
be considered a trace mineral; this is also because the investigations into the role of Sr reported in the 
literature have focused on bone rather than the role of Sr in other organs [53,55]. In the present study, 
it appears that the mechanism of Sr absorption is not altered due to the consumption of either SM or 
CM. 
4. Conclusions 
Based on the data obtained in this current study, the use of New Zealand SM or CM can 
overcome the negative effects of a Ca and P restricted/deficient diet. It was found that SM was able 
to prevent the effects of consuming a diet restricted in Ca and P equally compared to CM, but the 
effect was achieved at a much lower intake of SM. Although significant differences in organ 
distribution were observed with respect to selected macro and trace minerals related to milk type 
(specifically Zn, Cu, Co, and Fe) the data generated in the current study does not indicate a unique 
interaction between SM consumption and mineral absorption, for either macro or trace minerals. 
With respect to non-essential mineral accumulation, this was found to be intricately linked to the 
intake of each respective mineral. 
Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Table S1: ICP-MS 
detection limits, Table S2: Sheep milk, cow milk, modified-AIN-93M diet, and Low Ca/P modified-AIN-93M diet 
mineral compositions as determined by ICP-MS, Table S3: Summary of correlations between mineral intake and 
essential and trace mineral concentrations in the organs of rats consuming milk diets, Table S4: Correlations 
between the intake of minerals (essential, trace and non-essential) and the concentrations of non-essential 
minerals in the organs of rats. 
Author Contributions: Developing the study concept, K.B., A.B., W.Y., A.C., and M.M.; obtaining funding K.B., 
A.B., W.Y., A.C., and M.M; logistical planning K.B., A.B., and W.Y.; obtaining ethical approval K.B., A.B., W.Y., 
A.C., and M.M.; selection, development, and execution methods K.B., A.B., W.Y., D.B., and M.R.; collection of 
samples K.B. and W.Y.; collation of data, K.B.; statistical analysis of the data, K.B., and W.Y.; data interpretation 
K.B., A.B., W.Y., D.B., and M.R.; producing the initial draft of the paper K.B.; drafting, and revising the work 
Nutrients 2020, 12, 594 14 of 16 
critically for intellectual content K.B., A.B., W.Y., A.C., and M.M. All authors have read and agreed to the 
published version of the manuscript. 
Funding: This study was supported by grants from the New Zealand Ministry of Business, Innovation, and 
Employment (C10 × 1305) and the Agricultural and Marketing Research and Development Trust (AIGPrReq-
000220). The first author acknowledges the PhD scholarship from the University of Otago, New Zealand. 
Acknowledgments: The authors wish to thank Hilary Dewhurst and Melanie van Gendt for their technical 
assistance with the animal study and sample collection, and Harold Henderson for statistical advice. 
Conflicts of Interest The authors declare no conflict of interest. The funders had no role in the design of the 
study, in the collection, analysis or interpretation of data, in the writing of the manuscript, or in the decision to 
publish the results. 
References 
1. Tortolani, J.P.; McCarthy, E.F.; Sponseller, P.D. Bone mineral density deficiency in children. J. Am. Acad. 
Orthop. Surg. 2002, 10, 57–66, doi:10.5435/00124635-200201000-00008. 
2. Camaschella, C. Iron-deficiency anemia. N. Engl. J. Med. 2015, 372, 1832–1843. 
3. Ayuk, J.; Gittoes, N.J.L. Contemporary view of the clinical relevance of magnesium homeostasis. Ann. Clin. 
Biochem. 2014, 51, 179–188, doi:10.1177/0004563213517628. 
4. De Baaij, J.H.F.; Hoenderop, J.G.J.; Bindels, R.J.M. Magnesium in man: Implications for health and disease. 
Physiol. Rev. 2015, 95, 1–46, doi:10.1152/physrev.00012.2014. 
5. Gharibzahedi, S.M.T.; Jafari, S.M. The importance of minerals in human nutrition: Bioavailability, food 
fortification, processing effects and nanoencapsulation. Trends Food Sci. Technol. 2017, 62, 119–132, 
doi:10.1016/j.tifs.2017.02.017. 
6. Weaver, C.; Gordon, C.; Janz, K.; Kalkwarf, H.; Lappe, J.; Lewis, R.; O’Karma, M.; Wallace, T.; Zemel, B. 
The National Osteoporosis Foundation’s position statement on peak bone mass development and lifestyle 
factors: A systematic review and implementation recommendations. Osteoporos. Int. 2016, 27, 1281–1386. 
7. Nordic Council of Ministers. Nordic Nutrition Recommendations 2012: Integrating Nutrition and Physical 
Activity, 5th ed.; Høybråten, D., Ed.; Nordic Council of Ministers: Copenhagen, Denmark, 2012. 
8. Aslam, M.N.; Varani, J. The Western-Style Diet, Calcium Deficiency and Chronic Disease. J. Nutr. Food Sci. 
2016, 6, doi:10.4172/2155-9600.1000496. 
9. Michaëlsson, K. Calcium supplements do not prevent fractures. BMJ 2015, 351, h4825, 
doi:10.1136/bmj.h4825. 
10. Burrow, K.; Young, W.; McConnell, M.; Carne, A.; Bekhit, A.E.-D. Do Dairy Minerals Have a Positive Effect 
on Bone Health? Compr. Rev. Food Sci. Food Saf. 2018, 17, 989–1005. 
11. Barlowska, J.; Szwajkowska, M.; Litwińczuk, Z.; Król, J. Nutritional Value and Technological Suitability of 
Milk from Various Animal Species Used for Dairy Production. Compr. Rev. Food Sci. Food Saf. 2011, 10, 291–
302, doi:10.1111/j.1541-4337.2011.00163.x. 
12. Chia, J.; Burrow, K.; Carne, A.; McConnell, M.; Samuelsson, L.; Day, L.; Young, W.; Bekhit, A.E.-D. Minerals 
in Sheep milk. In Nutrients in Milk and Their Implications on Health and Disease; Watson, R.R., Collier, R.J., 
Preedy, V., Eds.; Elsevier Publishing: London, UK, 2017; pp. 345–363. 
13. Yabrir, B.; Chenouf, A.; Chenouf, N.; Bouzidi, A.; Gaucheron, F.; Mati, A. Heavy metals in small ruminant’s 
milk from Algerian area steppe. Int. Food Res. J. 2016, 23, 1012. 
14. Ivanova, T.; Pacinovski, N.; Raicheva, E.; Abadjeiva, D. Mineral content of milk from dairy sheep breeds. 
Maced. J. Anim. Sci. 2001, 1, 67–71. 
15. Peterson, S.; Prichard, C. The sheep dairy industry in New Zealand: A review. Proc. N. Z. Soc. Anim. Prod. 
2015, 75, 119–126. 
16. Burrow, K.; Young, W.; McConnell, M.; Carne, A.; Barr, D.; Reid, M.; Bekhit, A.E.-D. The distribution of 
essential, trace, and non-essential minerals in weanling male rats fed sheep or cow milk. Mol. Nutr. Food 
Res. 2018, 62, 1800482, doi:10.1002/mnfr.201800482. 
17. Burrow, K.; Young, W.; McConnell, M.; Hammer, N.; Scholze, M.; Carne, A.; Bekhit, A.E.-D. Consumption 
of sheep milk compared to cow milk can affect trabecular bone ultrastructure in a rat model. Food Funct. 
2019, 10, 163–171, doi:10.1039/c8fo01598h. 
18. Hennigar, S.R.; McClung, J.P. Homeostatic regulation of trace mineral transport by ubiquitination of 
membrane transporters. Nutr. Rev. 2016, 74, 59–67, doi:10.1093/nutrit/nuv060. 
Nutrients 2020, 12, 594 15 of 16 
19. Lobo, A.R.; Cocato, M.L.; Jorgetti, V.; de Sá, L.R.; Nakano, E.Y.; Colli, C. Changes in bone mass, 
biomechanical properties, and microarchitecture of calcium-and iron-deficient rats fed diets supplemented 
with inulin-type fructans. Nutr. Res. 2009, 29, 873–881, doi:10.1016/j.nutres.2009.10.012. 
20. Rader, J.I.; Baylink, D.J.; Hughes, M.R.; Safilian, E.F.; Haussler, M.R. Calcium and phosphorus deficiency 
in rats: Effects on PTH and 1,25-dihydroxyvitamin D3. Am. J. Physiol. 1979, 236, E118–E122, 
doi:10.1152/ajpendo.1979.236.2.E118. 
21. New Zealand Animal Welfare Act 1999; New Zealand Statutes: Wellington, New Zealand, 1999. 
22. Alférez, M.J.; Lopez-Aliaga, I.; Nestares, T.; Díaz-Castro, J.; Barrionuevo, M.; Ros, P.B.; Campos, M.S. 
Dietary goat milk improves iron bioavailability in rats with induced ferropenic anaemia in comparison 
with cow milk. Int. Dairy J. 2006, 16, 813–821, doi:10.1016/j.idairyj.2005.08.001. 
23. McKinnon, H.; Kruger, M.; Prosser, C.; Lowry, D. The effect of formulated goats’ milk on calcium 
bioavailability in male growing rats. J. Sci. Food Agric. 2010, 90, 112–116, doi:10.1002/jsfa.3791. 
24. Liu, G.; Jæger, T.C.; Lund, M.N.; Nielsen, S.B.; Ray, C.A.; Ipsen, R. Effects of disulphide bonds between 
added whey protein aggregates and other milk components on the rheological properties of acidified milk 
model systems. Int. Dairy J. 2016, 59, 1–9, doi:10.1016/j.idairyj.2016.03.002. 
25. Park, Y.W.; Juarez, M.; Ramos, M.; Haenlein, G.F.W. Physico-chemical characteristics of goat and sheep 
milk. Small Rumin. Res. 2007, 68, 88–113, doi:10.1016/j.smallrumres.2006.09.013. 
26. Stewart, W.F.; Schwartz, B.S.; Davatzikos, C.; Shen, D.; Liu, D.; Wu, X.; Todd, A.C.; Shi, W.; Bassett, S.; 
Youssem, D. Past adult lead exposure is linked to neurodegeneration measured by brain MRI. Neurology 
2006, 66, 1476–1484. 
27. Zamberlin, Š.; Antunac, N.; Havranek, J.; Samaržija, D. Mineral elements in milk and dairy products. 
Mljekarstvo 2012, 62, 111–125 
28. Food Standards Australia New Zealand. Australia New Zealand Food Standards Code Schedule 19; Australian 
Government: Canberra, Australia, 2017. 
29. Larue-Achagiotis, C.; Martin, C.; Verger, P.; Louis-Sylvestre, J. Dietary self-selection vs. complete diet: Body 
weight gain and meal pattern in rats. Physiol. Behav. 1992, 51, 995–999, doi:10.1016/0031-9384(92)90083-E. 
30. Reeves, P.G. Patterns of food intake and self-selection of macronutrients in rats during short-term 
deprivation of dietary zinc. J. Nutr. Biochem. 2003, 14, 232–243, doi:10.1016/s0955-2863(03)00006-8. 
31. Stanley, B.G.; Leibowitz, S.F. Neuropeptide Y injected in the paraventricular hypothalamus: A powerful 
stimulant of feeding behavior. Proc. Natl. Acad. Sci. USA 1985, 82, 3940–3943, doi:10.1073/pnas.82.11.3940. 
32. Govindarajan, P.; Khassawna, T.; Kampschulte, M.; Böcker, W.; Huerter, B.; Dürselen, L.; Faulenbach, M.; 
Heiss, C. Implications of combined ovariectomy and glucocorticoid (dexamethasone) treatment on mineral, 
microarchitectural, biomechanical and matrix properties of rat bone. Int. J. Exp. Pathol. 2013, 94, 387–398, 
doi:10.1111/iep.12038. 
33. Penido, M.G.M.G.; Alon, U.S. Phosphate homeostasis and its role in bone health. Pediatr. Nephrol. 2012, 27, 
2039–2048, doi:10.1007/s00467-012-2175-z. 
34. Blaine, J.; Chonchol, M.; Levi, M. Renal control of calcium, phosphate, and magnesium homeostasis. Clin. 
J. Am. Soc. Nephrol. 2015, 10, 1257–1272, doi:10.2215/CJN.08840815. 
35. Kim, J. Cobalt and Inorganic Cobalt Compounds; World Health Organization: Geneva, Switzerland, 2006. 
36. Yamada, K. Cobalt: Its role in health and disease. In Interrelations between Essential Metal Ions and Human 
Diseases; Sigel, A., Ed.; Springer: Dordrecht, The Netherlands, 2013; pp. 295–320. 
37. Roth, J.; Lawrence, J.; TA, B. Cobalamin (coenzyme B12): Synthesis and Biological Significance. Annu. Rev. 
Microbiol. 1996, 50, 137–181, doi:10.1146/annurev.micro.50.1.137. 
38. Williams, J.R.; Williams, N.E.; Kendall, N.R. The efficacy of supplying supplemental cobalt, selenium and 
vitamin B12 via the oral drench route in sheep. Livest. Sci. 2017, 200, 80–84. 
39. Horning, K.J.; Caito, S.W.; Tipps, K.G.; Bowman, A.B.; Aschner, M. Manganese is essential for neuronal 
health. Annu. Rev. Nutr. 2015, 35, 71–108, doi:10.1146/annurev-nutr-071714-034419. 
40. Hansen, S.L.; Trakooljul, N.; Liu, H.-C.; Moeser, A.J.; Spears, J.W. Iron transporters are differentially 
regulated by dietary iron, and modifications are associated with changes in manganese metabolism in 
young pigs. J. Nutr. 2009, 139, 1474–1479, doi:10.3945/jn.109.105866. 
41. Mendel, R.R.; Kruse, T. Cell biology of molybdenum in plants and humans. Biochim. Biophys. Acta Mol. Cell 
Res. 2012, 1823, 1568–1579, doi:10.1016/j.bbamcr.2012.02.007. 
Nutrients 2020, 12, 594 16 of 16 
42. Hansen, M.; Sandström, B.; Jensen, M.; Sørensen, S. Effect of casein phosphopeptides on zinc and calcium 
absorption from bread meals. J. Trace Elem. Med. Biol. 1997, 11, 143–149, doi:10.1016/S0946-672X(97)80041-
7. 
43. Miller, L.V.; Krebs, N.F.; Hambidge, K.M. Mathematical model of zinc absorption: Effects of dietary 
calcium, protein and iron on zinc absorption. Br. J. Nutr. 2013, 109, 695–700, 
doi:10.1017/S000711451200195X. 
44. Kumssa, D.B.; Joy, E.J.; Ander, E.L.; Watts, M.J.; Young, S.D.; Walker, S.; Broadley, M.R. Dietary calcium 
and zinc deficiency risks are decreasing but remain prevalent. Sci. Rep. 2015, 5, 10974, 
doi:10.1038/srep10974. 
45. Collins, J.F. Copper: Basic Physiological and Nutritional Aspects. In Molecular, Genetic, and Nutritional 
Aspects of Major and Trace Minerals; Collins, J.F., Ed.; Academic Press: Boston, MA, USA, 2017; pp. 69–83. 
46. Harris, E.D. Copper transport: An overview. Exp. Biol. Med. 1991, 196, 130–140, doi:10.3181/00379727-196-
43171b. 
47. Díaz-Castro, J.; Alférez, M.J.M.; López-Aliaga, I.; Nestares, T.; Campos, M.S. Effect of calcium-fortified 
milk-rich diets (either goat’s or cow’s milk) on copper bioavailability in iron-deficient anemia. Dairy Sci. 
Technol. 2011, 91, 203–212, doi:10.1007/s13594-011-0012-y. 
48. Shimamura, T.; Iijima, S.; Hirayama, M.; Iwashita, M.; Akiyama, S.; Takaku, Y.; Yumoto, S. Age-related 
effects of major and trace element concentrations in rat liver and their mutual relationships. J. Trace Elem. 
Med. Biol. 2013, 27, 286–294, doi:10.1016/j.jtemb.2013.04.006. 
49. Shimamura, T.; Iijima, S.; Hirayama, M.; Iwashita, M.; Akiyama, S.; Takaku, Y.; Yumoto, S. The 
concentrations of major and trace elements in rat kidney: Aging effects and mutual relationships. J. Trace 
Elem. Med. Biol. 2013, 27, 12–20, doi:10.1016/j.jtemb.2012.05.005. 
50. Tarantino, G.; Savastano, S.; Capone, D.; Colao, A. Spleen: A new role for an old player. World J. 
Gastroenterol. 2011, 17, 3776–3784, doi:10.3748/wjg.v17.i33.3776. 
51. Leggett, R.W.; Williams, L.R.; Melo, D.R.; Lipsztein, J.L. A physiologically based biokinetic model for 
cesium in the human body. Sci. Total Environ. 2003, 317, 235–255, doi:10.1016/S0048-9697(03)00333-4. 
52. Nordberg, G.F.; Nordberg, M.; Fowler, B.A.; Friberg, L.T. Handbook on the Toxicology of Metals, 3rd ed.; 
Elsevier: Burlington, ON, Canada, 2007. 
53. Agency for Toxic Substances and Disease Registry. Toxicological Profile for Cesium; United States 
Department of Health and Human Services Public Health Service: Washington, DC, USA, 2004. 
54. Nielsen, S.P. The biological role of strontium. Bone 2004, 35, 583–588, doi:10.1016/j.bone.2004.04.026. 
55. Hendrych, M.; Olejnickova, V.; Novakova, M. Calcium versus strontium handling by the heart muscle. Gen. 
Physiol. Biophys. 2016, 35, 13–23, doi:10.4149/gpb_2015026. 
56. Pei, Y.; Zheng, K.; Shang, G.; Wang, Y.; Wang, W.; Qiu, E.; Li, S.; Zhang, X. Therapeutic Effect of Strontium 
Ranelate on Bone in Chemotherapy-Induced Osteopenic Rats via Increased Bone Volume and Reduced 
Bone Loss. Biol. Trace Elem. Res. 2019, 187, 472–481, doi:10.1007/s12011-018-1401-3. 
 
© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access 
article distributed under the terms and conditions of the Creative Commons Attribution 
(CC BY) license (http://creativecommons.org/licenses/by/4.0/). 
 
